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Recently discovered materials called three-
dimensional topological insulators1–5 constitute
examples of symmetry protected topological
states in the absence of applied magnetic fields
and cryogenic temperatures. A hallmark charac-
teristic of these non-magnetic bulk insulators is
the protected metallic electronic states confined
to the material’s surfaces. Electrons in these sur-
face states are spin polarized with their spins gov-
erned by their direction of travel (linear momen-
tum), resulting in a helical spin texture in mo-
mentum space.6 Spin- and angle-resolved photoe-
mission spectroscopy (spin-ARPES) has been the
only tool capable of directly observing this cen-
tral feature with simultaneous energy, momen-
tum, and spin sensitivity.6–12 By using an inno-
vative photoelectron spectrometer13 with a high-
flux laser-based light source, we discovered an-
other surprising property of these surface elec-
trons which behave like Dirac fermions. We found
that the spin polarization of the resulting photo-
electrons can be fully manipulated in all three
dimensions through selection of the light polar-
ization. These surprising effects are due to the
spin-dependent interaction of the helical Dirac
fermions with light, which originates from the
strong spin-orbit coupling in the material. Our
results illustrate unusual scenarios in which the
spin polarization of photoelectrons is completely
different from the spin state of electrons in the
originating initial states. The results also pro-
vide the basis for a novel source of highly spin-
polarized electrons with tunable polarization in
three dimensions.
The topological electronic bandstructure of a bulk
topological insulator ensures the presence of gapless sur-
face electronic states with Dirac-like dispersions simi-
lar to graphene. Unlike graphene, the topological sur-
face states are spin polarized, with their spins locked
perpendicular to their momentum, forming helical spin-
momentum textures6 (see Fig. 1(a)). The presence of
such ‘helical Dirac fermions’ forms an operational def-
inition of a 3D topological insulator, and much of the
excitement surrounding topological insulators involves
the predicted exotic phenomena and potential applica-
tions of these metallic states.4,5 These include novel mag-
netoelectric effects,14 exotic quasiparticles (in a prox-
imity induced superconducting state) called Majorana
fermions which are their own antiparticles,15 and applica-
tions ranging from spintronics to quantum computing.16
Establishing methods that are sensitive to these states
and their predicted behaviors have therefore generated
much interest.6,17–20
Angle-resolved photoemission spectroscopy (ARPES)
directly maps the dispersions and Fermi surfaces of
such electronic states in energy-momentum space. Spin-
resolved ARPES also measures the spin polarization of
the corresponding photoelectrons. Following a common
assumption that electron spin is conserved in the photoe-
mission process, the technique has been used to identify
the presence of the predicted helical spin textures of topo-
logical surface states.6–12 Utilizing a high-efficiency spin-
resolved photoelectron spectrometer13 and a high inten-
sity laser light source that enabled rapid high-resolution
data acquisition, we have found surprising new features
of the photoelectron spin texture in the prototypical
topological insulator, Bi2Se3.
21 In particular, the results
demonstrate strong dependence of the photoelectron spin
polarization on the photon polarization, enabling its full
manipulation. This dramatically illustrates that spin-
conservation, commonly assumed for photoemission, is
invalid in these materials.22
Figures 1(a,b) show standard ARPES data collected
from a Bi2Se3 single crystal. The sharp surface states
form a cone-like dispersion in panel (b), characterized by
the ring-like Fermi surface piece in panel (a). The sample
is n-doped, such that the bottom of the bulk conduction
band falls below the Fermi level, forming the chunk of
spectral weight in the center of the surface state cone.12,23
Figures 1(c) and (d) show spin-resolved energy distri-
bution curves (EDCs), or plots of photoelectron intensity
as a function of binding energy at a particular momen-
tum, corresponding to the line-cut marked in panel (b).
The EDCs are resolved into distinct channels for spin-up
and -down photoelectrons. Here, the spin quantization
axis is the y-axis. The corresponding spin polarization,
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2FIG. 1. The dependence of photoelectron spin on linear photon polarization observed in a topological insulator.
(a) ARPES intensity map at EF of the (111) surface of Bi2Se3, with the ΓM direction aligned along kx. The white arrows
show the expected spin polarization around the surface state Fermi surface. (b) ARPES intensity map as a function of binding
energy and momentum. (c) Spin-resolved photemission intensity as a function of binding energy, at fixed emission angle (∼
fixed k), corresponding to the dashed line-cut in (b), and the momentum location marked by the dashed circle in (a). The
corresponding y component of the photoelectron polarization, Py, is shown in the bottom panel. The Fermi surface diagram
inset highlights the k-space location, (kx,ky)=(−kF,0) (green circle), along with the spin-polarization direction indicated by
the data. The data are acquired with p-polarized photons, with the photon polarization vector, projected into the sample
surface plane, shown as a dashed green arrow in the inset. (d) Same as (c), but with s-polarized photons. (e) Diagram of
the experimental geometry. Linear polarization of photons can be continuously rotated as shown. Dashed gray line represents
projection of incident light linear polarization on the sample surface. (f) Photoelectron spin polarization at (kx,ky)=(−kF,0)
as a function of rotation of the photon polarization. Photoelectron polarization is integrated in binding energy corresponding
to the gray regions of the bottom panels in (c) and (d). Black curve is a fit following the presented theory (see Supplemental
Information).
or Py, curves are shown below, and are a measure of the
relative difference between the number of spin-up and -
down photoelectrons according to Py =
I↑−I↓
I↑+I↓
. The data
were acquired with linearly polarized light in two distinct
photon polarization geometries, in which the electric field
vector, ˆ, was in the xz-plane (p-polarization) and along
the y-axis (s-polarization), respectively (see Fig. 1(e) and
insets in panels c-d).
In the case of p-polarized light (panel c), the inten-
sity peak is primarily spin-up, and its Py is nearly +1.
Thus, photoelectrons from the surface state near EF with
momentum (kx, ky) = (-kF ,0) were strongly polarized
‘up’ along the positive y-axis as labeled by the blue ar-
row in the inset. This is consistent with previous spin-
ARPES measurements6–12 and with the predicted helical
spin texture (Fig. 1(a)) where the surface state spins are
tangential to the Fermi surface contour with clockwise
helicity. Remarkably, when the light polarization is ro-
tated by pi/2 to s-polarization (panel d), the intensity
peak reversed to primarily spin-down, with its Py nearly
−1, such that photoelectrons from the same initial state
were polarized ‘down’ as labeled by the red arrow in the
inset (panel d). This is opposite to the expected spin tex-
ture for the surface states. Taken on its own, this result
would counter previous spin-ARPES results, likely taken
only with p-polarized light,6,9,12 and seem to point to a
spin texture of reversed helicity.
Furthermore, Fig. 1(f) shows the corresponding mea-
sured photoelectron polarization component, Py, as a
function of continuous rotation of the photon polariza-
tion vector between p- and s-polarizations. Clearly, the
photoelectron spin polarization is dependent on the pho-
ton polarization and can be continuously modulated from
nearly Py = +1 to −1.
The full energy and momentum dependence of this
photoelectron spin flipping in Bi2Se3 is shown in Fig. 2
and is compared with the Rashba spin-split Au(111)
Shockley surface state.24 For reference, schematics of the
theoretical spin-polarized surface band dispersion and
Fermi surface spin texture of the Bi2Se3 and Au(111) sur-
face states are shown in panels (a,e), and the measured
spin-integrated ARPES maps of the corresponding pho-
toemitted electrons as a function of binding energy and
kx are shown in panels (b,f), respectively. Panels (c,d)
(and (g,h)) show the corresponding complete photoelec-
tron Py maps for p- and s-polarized light, respectively, for
the Bi2Se3 (and Au) surface state. In both cases, when
the light is p-polarized, the photoelectron spin texture
matches the expected surface state spin texture (com-
3FIG. 2. Photoelectron spin flipping mapped through momentum space. (a) Schematic of surface state helical Dirac
fermions in Bi2Se3, including Fermi surface (above) and energy dispersion along kx. (b) Spin-integrated ARPES intensity map
of Bi2Se3, taken with laser, s-polarized, hν = 5.99 eV. Dashed lines are linear guides to the eye illustrating Dirac cone dispersion
of the surface state. (c,d) Corresponding spin polarization (Py) maps taken with p- and s-polarized light, respectively. Dashed
guides to the eye are identical to (b). (e-h) Same as a-d, but for the Au(111) surface state. Dashed lines in f-h are parabolic
guides to the eye following the free-electron-like dispersions.
pare panel (c) with (a) and panel (g) with (e)). Specifi-
cally, for Bi2Se3, the photoelectrons following the branch
of the Dirac cone with negative slope are ‘spin-up’ (blue),
and those along the branch with positive slope are ‘spin-
down’ (red), as expected. Panel (c) is shown with an
asymmetric color scale to offset an overall shift in Py
due to its particular experimental geometry (see Supple-
mentary Information). Similarly for the Au(111) surface
state in panel (g), the photoelectrons corresponding to
the nearly-free electron parabola shifted left are ‘spin-
down’ (red), while those along the parabola shifted right
are ‘spin-up’ (blue), as expected.24
In contrast, when the light is s-polarized, the photo-
electron spin polarization (Py) for Bi2Se3 is fully reversed
(compare Fig.2 (c) and (d)), opposite to the expected sur-
face state electron spin texture. This is not the case for
Au(111), where the spin polarization of photoelectrons is
independent of the light polarization (compare Figs. 2(g)
and (h)), showing that the effects seen in Bi2Se3 are not
generic or trivial experimental artifacts. This is true even
for momentum points along both kx and ky, measur-
ing spin polarization along the y- and z-axes, and with
both linear and circular light (see Supplementary Infor-
mation).
The observations of strong dependence of the pho-
toelectron spin polarization on photon polarization in
Bi2Se3 demanded further investigation. Figures 3(a,b)
show photoelectron spin polarization (Py) curves taken
with ‘±sp-polarized’ light, corresponding to the photon
polarization vector being rotated to α0 = ±45◦ (see
Fig. 1(e)), halfway between p- and s-polarizations. Three
Py curves are shown for each, corresponding to the three
momentum locations along the ky axis shown in the inset
diagrams. The theoretical surface state electron spin tex-
ture predicts Py = 0 at momenta along the ky axis (i.e.
kx = 0) as the helical surface electrons are spin-polarized
perpendicular to their momentum. As above, an overall
k-independent positive shift in Py in the measurement
is due to the particular experimental geometries in these
cases (see Supplementary Information). The additional
strong ky dependence in the data reveals the presence of
a large radial component of the polarization, oriented as
shown by the red and blue arrows in the diagrams, which
was absent in previous measurements with p-polarized
light.12 Such a radial component of the photoelectron
spin polarization differs from the expected surface state
electron spin texture which is primarily tangential at ev-
ery point around the Fermi surface contour. It is also
clear that the measured radial components reverse be-
tween +sp- and −sp-polarized light geometries, again
4FIG. 3. Bi2Se3 photoelectron spin polarizations with ±sp-polarized and circularly polarized light. (a) Photoelec-
tron Py curves at three values of ky along the ky-axis, marked by small, color-coded circles in insets, for +sp-polarized light,
whose ˆ projections in the surface plane are shown by the green arrows in the insets. (b) Same as (a), but for −sp-polarized
light. (c) Photoelectron Pz maps as a function of binding energy and momentum along the kx axis, with right-hand circularly
polarized light. The dashed lines are guides to the eye, marking the topological surface state dispersion. (d) Same as (c), but
with left-hand circularly polarized light.
demonstrating control of the photoelectron spin polar-
ization through the photon polarization.
This control extends to the out-of-plane dimension
through the use of circularly polarized light as shown
in Figs. 3(c,d). Specifically, panel (c) shows a full map
of photoelectron polarization, similar to Figs. 2(c,d), but
now measuring the out-of-plane spin component, Pz, and
taken with right-hand circularly polarized light (RCP).
Throughout the map, photoelectrons are primarily polar-
ized with spins directed into the surface, reaching values
of Pz = −0.8. Panel (d) is a corresponding Pz map taken
with left-hand circularly polarized light (LCP), showing
a full reversal with photoelectrons dominantly polarized
with spin directed out of the surface, reaching values of
Pz = +0.8.
The results shown in Figs. 1-3 reveal the ability to fully
manipulate the spin polarization of photoelectrons from
a topological insulator through control of the light po-
larization, to an extent not previously observed in any
system. They also illustrate nonequivalence of photo-
electron and surface state spins in a topological insula-
tor, contrary to the usual assumption in spin-resolved
photoemission work. Indeed, the results in Figs. 1 and 2
illustrate an interesting case of photoemission being dom-
inated by a spin-flip process, an effect not previously ex-
perimentally observed (see Supplementary Information).
The primary aspects of our results are well described
by considering the case of light incident normal to the
Bi2Se3 surface, wherein the interaction Hamiltonian of
the surface state electron and photon can be reduced to22
Hint ∝ (~σ × zˆ) · ˆ , (1)
where ~σ is the spin Pauli matrix, zˆ is the unit surface
normal vector, and ˆ is the photon polarization vector.
The presence of the spin Pauli operator readily shows
that this interaction is capable of spin-flip transitions,
counter to the usual assumption for such photoemission
experiments. Calculations of the corresponding spin de-
pendent transition probabilities result in strong differ-
ences between predicted photoelectron spin polarization
textures and the helical spin texture of the initial topo-
logical surface state,22 as summarized in Fig. 4 for various
photon polarizations, and in overall agreement with our
measurements.
More specifically, the spin orientation of an electron in
the helical surface state (Fig. 4(a)) can be expressed as
θs = −pi/2 + θk , (2)
where θs is the angle between the +x direction and the
spin direction at momentum k, and θk is the angle be-
tween the +x direction and k. In the case of linearly
polarized light, with ˆ parallel to the sample surface,
the corresponding photoelectrons become spin polarized
along directions given by22
θ′s = −pi/2 + (2α− θk) , (3)
5FIG. 4. Calculated photoelectron spin textures from a topological insulator for various photon polarizations. (a)
Spin texture of topological spin-helical Dirac electrons. Arrows depict spin of surface state electrons, prior to photoemission. (b-
e) Calculated spin texture of photoelectrons from the same topological states, for various photon polarizations.22 Arrows depict
the photoelectron spin polarization directions, using linearly polarized light. The dashed green arrows mark the polarization
vector, ˆ, projected onto the sample surface. These correspond to ‘p-polarized’ (b), ‘s-polarized’ (c), and ‘±sp-polarized’ light
(d,e) in the current experiment. The blue and red arrows correspond to the momentum positions and polarization directions
consistent with the experimental data. (f,g) Same as (b-e), but with normally incident circularly polarized photons. Here, red
crosses and blue dots depict photoelectron polarization into and out of the page along the z-axis.
where α is the angle in the surface plane between the
+x direction and ˆ (Fig. 4(b–e)). Thus there is a dif-
ference between the initial spin state and photoelec-
tron spin polarizations at all momenta except for where
θk = α. Measurements within this typical geometry, such
as Figs. 1(c) and 2(c), have θ′s = θs. This is likely why
previous spin-resolved ARPES works did not find results
counter to the expected surface state spin texture.
Equation (3) well describes the observed reversal of
the photoelectron Py from p-polarized (α = 0) to s-
polarized (α = pi/2) light (see Figs. 1(c,d) and 2(c,d)),
and the general cos(2α) dependence of the photoelec-
tron Py measured at θk = pi (see Fig. 1(f)). It also ac-
counts for the large Py measurements of photoelectrons
at θk = pi/2 and 3pi/2 measured with ±sp-polarized light
with α ∼ ±pi/4 (compare Figs. 3(a,b) with Figs. 4(d,e)).
The above calculations also predict circularly polarized
light to result in the out-of-plane directed photoelec-
tron spin polarization textures shown in Fig. 4(f,g),
in general agreement with the present data shown in
Figs. 3(c,d) (see Supplementary Information). The re-
sults in Figs. 3(c,d) are also in line with a recent theo-
retical study of photoemission from a related material,
Bi2Te3.
25
The observed photon polarization dependent photo-
electron spin flipping and spin texture control in Bi2Se3
thus stems in part from strong spin-orbit coupling in
the material. The observed absence of these effects for
the Au(111) surface states (Fig. 2 and Supplementary
Information), despite predictions of similar photoemis-
sion effects,26 may be due to weaker spin-orbit coupling
and the resulting dominance of an additional Hamilto-
nian term due to the inversion symmetry breaking at the
surface.27
Independent of interpretation, our results demonstrate
complete manipulation and control of photoelectron spin
polarization from Bi2Se3. This could be utilized in a vari-
ety of applications ranging from spintronics to photocath-
ode sources of polarized electron beams. In comparison
to the widely used GaAs photocathode,28 Bi2Se3 could
provide larger polarizations and enhanced functionality
with complete control of spin orientation in three dimen-
sions.
Finally, we hope our findings will stimulate further
studies of possible similar control of photoelectron spin
in other materials. Examples include other topological
insulators, such as Bi1−xSbx7 where the surface states
extend to higher momenta to the Brillouin zone bound-
ary where the dispersions are not linear. Other Rashba
systems where the splitting is much larger than in Au
(e.g. two-dimensional electron gases on Bi2Se3
29 or bulk
BiTeI30) may provide insight, as well.
6METHODS
Experiments were performed on Bi2Se3 single crystals
grown by directional slow solidification in an inclined am-
poule and cleaved in-situ along the (111) plane in vac-
uum of 5 × 10−11 torr. The Au(111) surface was pre-
pared by in-situ evaporation on a clean W(110) sub-
strate according to standard methods. High resolution
spin-integrated ARPES data (Fig. 1(b,c)) were taken at
beamline 4.0.3 at the Advanced Light Source with 35
eV linearly p-polarized photons, at a sample tempera-
ture of < 20K. The energy and momentum resolutions
were ∼ 13 meV and 0.005 A˚−1, respectively. Spin-
resolved ARPES data were taken with 5.99 eV laser light
and a high-efficiency spin-resolved spectrometer utilizing
time-of-flight (TOF) technique and low-energy exchange-
scattering techniques.13 These data were taken at a sam-
ple temperature of ∼ 80 K, with instrumental energy and
momentum resolutions of ∼ 15 meV and 0.02 A˚−1, re-
spectively. The spectrometer acquires data as a function
of binding energy in parallel, allowing high resolution
full energy distribution curves (EDCs) to be acquired
in 2-3 minutes, as opposed to several hours with con-
ventional spin-resolved ARPES systems, thus preclud-
ing any surface aging effects (e.g. vacuum or laser ex-
posure) during acquisition and enabling the wide cov-
erage of experimental parameter space in the experi-
ment. Full two-dimensional energy-momentum polariza-
tion maps (Figs. 3(b,c) and 4(c,d,g,h) are made up of 20-
30 individual EDCs. Each pair of maps (e.g. Fig. 4(c,d))
is taken simultaneously, alternating photon polarization
after each EDC, such that photon polarization depen-
dence in a pair of maps cannot be due to surface ag-
ing. The momentum, or k-vector probed in an EDC is
scanned by rotating the crystal about the y or x axes,
while the photon beam, photoelectron collection angle,
and spin analysis axis are all held fixed, as shown in
Fig. 1(f).
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SI I. EXPERIMENTAL SETUP
The spin-integrated data of Fig. 1(a,b) was taken at the Merlin beamline, BL4.0.3, of the Advanced
Light Source (Berkeley, CA, USA), using a commercial Scienta R8000 hemispherical analyzer with
a photon energy hν = 35 eV, and linear p-polarization. All other data, both spin-resolved and
spin-integrated, were taken with the ‘spin-TOF’ spectrometer with a laser-based light source in the
geometry shown in Fig. S1, as discussed below.
The laser source is a cavity-dumped, mode-locked Ti:Sapphire oscillator pumped by a 6 W fre-
quency doubled Nd:YVO4 laser. This oscillator generates ∼ 150 fs pulses, tuned to 828 nm at
a repetition rate of 54.3/n MHz, where n is an integer. For the present work, n was set to 10,
for a repetition rate of ∼ 5 MHz – this approaches the maximum repetition rate compatible with
the ‘spin-TOF’ spectrometer in typical conditions. The oscillator output is frequency-quadrupled
through cascaded, type-I phase-matched second harmonic generation in two beta barium borate
(BBO) crystals of 2 and 5 mm thicknesses, producing a 207 nm (5.99 eV) beam, with a measured
bandwidth of ∼ 4 meV and pulse lengths estimated to be several picoseconds. The polarization of
the 6 eV beam is straightforwardly controlled with zero-order half-wave and quarter-wave plates,
providing linearly and circularly polarized light, respectively. The beam is then focused into the
main vacuum chamber through a UV-grade fused silica viewport and onto the sample surface.
The experimental geometry is schematically shown in Fig. S1. The x, y, and z axes reference a
fixed coordinate system in the lab, with the origin located at the simultaneous intersection of the
sample surface, the photon beam, and the electron-optical axis of the photoelectron spectrometer.
The photon beam is incident in the xz plane, shaded gray in the figure, at a fixed 45◦ angle from
the x axis. The photon beam, when linearly polarized, can have its polarization vector oriented at
any angle α0 between p- and s-polarization geometries, as shown. The photon polarization vector is
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FIG. S1. Experimental geometry. Schematic diagram of the experimental geometry. The x, y, and z axes reference a fixed
coordinate system. The photon beam is incident within the xz-plane, at a fixed angle from the x axis. Photoelectrons emitted
along the fixed z axis, shown by the black arrow, are collected by the spectrometer, which is sensitive to spin along the y and z
axes. The photons can be linearly polarized with any orientation between p- and s-polarizations, defined by the angle α0. The
photons can also be circularly polarized, with either helicity. Right-hand circularly polarized light (RCP) is shown.
aligned within the xz plane for p-polarization and is along the y axis for s-polarization, respectively,
as defined in the present manuscript. Circular polarizations of either helicity can also be selected,
with right-hand circularly polarized (RCP) light defined in the figure.
Photoelectrons emitted along the z axis are collected by the spectrometer, with an angular accep-
tance of ∼ ±1◦. This translates to a momentum resolution of ∼ 0.02 A˚−1. Selecting the momentum
to be probed requires rotation of the sample surface with respect to the fixed spectrometer. With the
sample surface aligned to the fixed xy plane as drawn in Fig. S1, emission at Γ, or (kx, ky) = (0, 0),
is probed. The value of kx is scanned by rotating the sample about the y axis (the θ rotation in
Fig. S1), while the value of ky is scanned by rotating the sample about the x axis (the β rotation in
Fig. S1).
The ‘spin-TOF’ spectrometer is a custom built spin-resolved photoelectron spectrometer for high
efficiency acquisition of spin-resolved photoelectron energy distribution curves (EDCs) with high
energy and angular resolution. It is described in detail in Ref. 1. Photoelectron kinetic energies are
resolved in parallel through the ‘time-of-flight’ (TOF) technique, in which the total photoelectron
transit time from emission to detection is accurately measured, providing an energy resolution of
∼ 15 meV. This technique requires the light source to be pulsed, and requires an adequate timing
window between pulses, thus setting an upper limit on the laser repetition rate. In the present case,
this limit is ∼ 10 MHz in standard conditions. Spin is resolved through differential measurement
of the relative reflectivity of the photoelectrons scattered from the surface of a magnetic thin film.
This is described in detail in Ref. 1 and references therein. Due to specific details of the scattering
geometry used in the ‘spin-TOF’ spectrometer, spin can be resolved along the fixed y or z axes,
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providing measurements of Py and Pz, as depicted in Fig. S1. The directions of positive Py and Pz
as used in the manuscript are defined by the directions of the corresponding arrows.
The overall efficiency of the spectrometer and laser allowed a high acquisition speed. This efficiency
was critical for the current study which included spin-resolved data through a wide parameter space
– spin was resolved along two axes (i.e. Py and Pz) and measured as a function of binding energy,
momentum, and many photon polarizations. A high level of statistics was achieved for a single
spin-resolved EDC in only 2-3 minutes, allowing spin resolved data to be taken with multiple photon
polarizations in rapid succession without the sample surface degrading or altering due to finite
residual vacuum conditions (the vacuum chamber pressure was ∼ 6× 10−11 torr). Full spin-resolved
maps were quickly acquired in ∼ 1 hour, by measuring ∼ 30 successive spin-resolved EDCs while
scanning momentum (emission angle) in small steps. When acquiring such spin-resolved maps with
different photon polarizations for direct comparison (i.e. Fig. 2(c,d,g,h) and Fig. 3(c,d)), the maps
were acquired ‘interlaced’, with an EDC at one k (emission angle) being successively taken with
each photon polarization before moving to the next k (angle). This approach provides a better
direct measure of photon polarization dependence, free of any time dependent effects that may be
introduced if the maps were acquired separately, one after the other.
SI II. EXTRINSIC SPIN-POLARIZATION EFFECTS INDUCED BY SPIN-ORBIT COUPLING
Although often forgotten, it is known that spin polarization effects can occur in photoemission
due to spin-orbit coupling, causing the spin polarization of the photoelectrons to be different from
that of the corresponding initial states. This is most easily exemplified in cases where spin-polarized
photoelectrons are measured from unpolarized initial states, such as unpolarized atoms or from
spin-degenerate states in non-magnetic solids. The ‘Fano effect’, in which photoelectrons from the s
orbitals of unpolarized atoms can be spin-polarized using circular polarized light,2 is such an example.
Less intuitively, it was also shown that photoelectrons emitted from spin-degenerate atomic subshells
of orbital angular momentum l > 0 into well defined angular directions can also be spin-polarized,
even when using linear and unpolarized light.3,4
It should be noted that in these cases, the photoemission dipole operator considered does not
actually change the orientation of the electron spin through the photoemission process.4 Instead,
the measured spin polarization results from effective spin-dependent photoemission matrix elements
(SMEs) which effectively lead to selective emission of electrons with a particular spin orientation. As
an example, the SME-induced photoelectron polarization vector for photoionization of atoms with
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linearly polarized light is4
~P SME =
2ξ
(
kˆe · ˆ
)
1 + β
(
3
2
(kˆe · ˆ)2 − 12
) [kˆe × ˆ] , (s1)
where kˆe and ˆ are the outgoing photoelectron and photon polarization unit vectors, respectively.
The denominator of Eqn. (s1) is due to the angular distribution of photoemission where β is the
asymmetry parameter. The parameter ξ reflects the interference between the possible l+ 1 and l−1
continuum photoelectron states and is the source of the spin dependence. Thus, this SME-induced
polarization is due to the spin-orbit interaction. Like a great many other matrix element related
effects in ARPES, ~P SME is dependent on details of the initial and final photoelectron states, and
therefore also photon energy.
Equation (s1) also shows that both the magnitude and orientation of ~P SME are dependent on the
orientations of the photon polarization and the outgoing photoelectrons. The geometrical terms in
Eqn. (s1) (kˆe · ˆ and kˆe × ˆ) are required by symmetry: parity conservation requires ~P SME to be
perpendicular to the reaction plane formed by ˆ and kˆe, or more generally to any mirror planes of
the complete system.5 For the case of circularly polarized light, the corresponding equation is more
complicated, involving a component of ~P SME perpendicular to the reaction plane formed by kˆe and
the propagation vector of the photon flux, similar to above, and an additional component along the
propagation vector of the photon flux that changes sign with the photon helicity.4
In addition to being observed in atomic photoionization,6 spin polarized photoemission qualita-
tively described by Eqn. (s1) has been observed in solid-state photoemission from core levels of
nonmagnetic systems, including the Cu 2p and 3p (Ref. 7), W 4f (Ref. 8), and Pt 4d and 4f levels
(Ref. 9), as well as the Bi 5d levels in Bi2Se3.
10 Similar SMEs have been both predicted11–14 and
observed15–20 in various forms in the valence bands of Pt and Au single crystals.
We have previously shown such SMEs induce spin polarized photoemission from the bulk valence
and conduction bands of Bi2Se3,
10 as well, which can significantly impact on the spin-resolved ARPES
data from this system. Figure S2(a) shows an ARPES intensity map of Bi2Se3. Panel (b) shows the y
component of the measured photoelectron spin polarization curves, corresponding to the vertical line
cuts marked in (a). Three curves are shown (corresponding to kx = 0,±kF) at three different photon
energies. Each data set in Fig. S2(b) is taken in the geometry of Fig. S1 with linear, p-polarized
light. In the absence of SME-related effects, one expects to observe large values of Py due to the
spin polarization of the helical spin texture of the topological surface state. This texture dictates a
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FIG. S2. The dependence of photoelectron background spin on photon energy and polarization. (a) ARPES
intensity map of Bi2Se3 as a function of binding energy and momentum, along ΓM. Taken with hν = 35 eV. (b) The measured
y component of the photoelectron spin polarization, Py, as a function of binding energy at a given momentum. Each panel
contains curves corresponding to the momenta of the vertical cuts shown in (a), labeled by marker. Each panel corresponds
to data taken with the specified photon energy, taken with the p-polarized light geometry. (c) Direct comparison of the
photoelectron Py at Γ (kx = 0) from (b) at each photon energy. (d) The photoelectron Py at Γ, measured with the laser
(hν = 6 eV), with various photon polarizations.
strongly kx-dependent Py, with Py at kx = +kF to be reversed from Py at kx = −kF. Following the
symmetry requirements discussed above, any SME-induced spin polarization must be oriented along
the y axis, and is largely determined by the angle between the photoelectron emission direction and
the photon polarization vector (from Eqn. (s1), which is qualitatively applicable here). As this angle
stays fixed in the experiment while k is scanned, any SME-induced spin polarization is effectively
independent of k.
Indeed, the Py curves in Fig. S2(b) show both kx-dependent and kx-independent contributions.
As the kx-dependent contribution should have Py = 0 at kx = 0, the measured Py curves at kx = 0
(purple circles) can be taken as a measure of the kx-independent contribution caused by SMEs.
In the top panel, taken with hν = 36 eV photons, the kx = 0 curve is non-zero at all binding
energies, reflective of SMEs throughout the electronic structure, including the bulk. The k-dependent
component of Py, which is reflective of the surface state spin texture, can be seen in addition to this:
the Py curve at kx = +kF is the ‘inverse’ of that at kx = −kF, approximately inverted about the
kx = 0 curve. These two curves each exhibit two peaks, a maximum and minimum, resulting from
the opposite spin textures of the upper and lower halves of the Dirac cone. These features are
discussed in detail in Ref. 10. The hν = 36 and 70 eV data were taken previously with synchrotron
light10, while the hν = 6 eV data were taken with the laser source as part of the current experiment.
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The three panels of Fig. S2(b) show that while the characteristic k-dependent component of the
Py curves remains at each photon energy, the k-independent SME-induced component is strongly
photon energy dependent – it even changes sign between hν = 36 and 70 eV. To illustrate this more
clearly, the curves at kx = 0 in each panel of Fig. S2(b) are plotted again for direct comparison in
Fig. S2(c). Furthermore, the SME-induced photoelectron spin polarization is strongly dependent on
the photon polarization. Figure S2(d) shows the same Py curves at kx = 0 measured with the 6 eV
laser at several photon polarization geometries. As in Eqn. (s1), the SME-induced photoelectron
spin polarization is maximum for p-polarized light (kˆe · ˆ is maximum), and is very close to zero for
s-polarized light (kˆe · ˆ = 0).
Thus, the photoelectron Py in Bi2Se3 measured with the hν = 6 eV laser in the current geometry ex-
hibits a strong SME-induced component, particularly with p-polarized light, which is k-independent
and distinct from the intrinsic surface state spin texture related to the topological ordering. This
effectively induces a loosely qualitative ‘offset’ or ‘shift’ to the measured photoelectron Py curves,
visible in each panel in Fig. S2(b). This ‘shift’ is then also visible in corresponding full Py maps.
For instance, Fig. S3(a) shows a map of Py as a function of binding energy and kx. This false color
scale image is the result of taking ∼ 30 individual Py curves such as those shown in Fig. S2(b), as
a function of emission angle, and mapping the data to energy-momentum space. The map exhibits
the momentum-dependent component of Py that reflects the underlying helical spin texture of the
surface state: on the left there is a dark blue (very positive Py) streak following the surface state
dispersion, and on the right there is a slightly red (slightly negative Py) streak following the other
side of the surface state dispersion. However, since the data was taken with p-polarized light, there
is a qualitative ‘shift’ to positive Py (or ‘blue’ in the figure). For instance, signal in between the
dispersions (near EF and kx = 0), due to the bulk conduction band which is assumed spin-degenerate
in the crystal, appears blue (moderately positive Py).
This SME-induced ‘shift’ can be qualitatively removed simply by displaying the map with an
asymmetric color scale, such that the color ‘white’ approximately corresponds to the SME-induced
component. Figure S3(b) shows the same data as panel (a), but with an asymmetric color scale,
resulting in a map that more readily displays the Py texture related to that of the helical Dirac
surface state. This map is the one displayed in Fig. 2(c) of the main paper, as the k-independent
SME-induced effects are not the primary focus of the current work. The similar map in Fig. 2(d)
of the main paper was acquired with s-polarized light, and so the SME-induced Py goes to zero,
as discussed above. Thus there is no ‘shift’ to the map, and it displays the k-dependent Py quite
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FIG. S3. Asymmetric color scale to counter induced polarization asymmetry. (a) Photoelectron Py map as a
function of binding energy and momentum along the kx axis (ΓM), measured with p-polarized photons with hν = 6 eV. Here
the color scale is symmetric, ranging from Py = −0.9 to +0.9, with ‘white’ corresponding to Py = 0. The dashed lines are
guides to the eye, marking the topological surface state dispersion. (b) Same as (a), but with an asymmetric color scale ranging
from Py = −0.25 to +0.9.
well with a symmetric color scale. While this s-polarized light geometry is free from SME-induced
effects, the photoelectron Py texture is opposite to the intrinsic helical spin texture of the surface
state electrons, as discussed in the main text. With the present geometry and photon energy (6 eV),
the Au(111) sample appears free of SME-induced Py even with the p-polarized light, and thus the
Py maps of Fig. 2(g) and (h) are both shown with symmetric color scales.
This SME-induced ‘shift’ in Py is also present for ±sp-polarized light geometries, used in Fig. 3(a,b)
of the main paper, although quantitatively less than for p-polarized light. The SME effect on Py for
both +sp- and −sp-polarizations should be the same, following Eqn. (s1); our measurement is in
agreement with this reasoning (e.g. see Fig. S2(d)). Just as for the above discussion with p-polarized
light, this effect ‘shifts’ the Py curves of Figs. 3(a,b) slightly to more positive values. On top of this,
there remains a clear ky dependence consistent with a radial component of the photoelectron spin
texture shown in the inset and discussed in the text.
SI III. NOVEL SPIN MANIPULATION IN PHOTOEMISSION
As discussed above, there are numerous observed and understood cases of photoemission inducing a
spin-polarization in the photoelectrons that is different from the spin-polarization of the initial state
crystal electrons. These effects, however, are normally understood as being due to spin-dependent
transition matrix elements of spin-conserving transitions, which preferentially excite electrons of
a particular spin, resulting in photoelectron ensembles with altered spin polarization. The cases
SI 8
where these effects have been observed involved measuring slight spin polarizations in photoelectrons
corresponding to unpolarized initial states.6–9,15–22
The present observations in Bi2Se3 of photoelectron spin polarization flipping dependent on pho-
ton polarization are unique. In this case, the initial state crystal electrons are in fact highly spin
polarized to begin with and are emitted with different or even opposite spin polarization, dependent
on photon polarization, suggesting a fundamental difference from previous spin effects seen in pho-
toemission. This is an interesting demonstration of low energy photoemission being dominated by a
spin-flip transition, which are usually assumed to contribute negligibly compared to spin-conserving
transitions.23,24 To our knowledge, the present results are the first observation of photoelectron spin
flipping dependent on linear photon polarization and such a wide extent of demonstrated control of
photoelectron spin in three dimensions through manipulation of only the photon polarization.
SI IV. IMPACT OF Az COMPONENT OF INCIDENT LIGHT
Reference 25 presents the interaction Hamiltonian of the surface state electron and photon as
Hint ∝ (Ayσx − Axσy) + iγAzI , (s2)
where A is the vector potential of the photon field, σx and σy are the Pauli matrices, and I is the
2 × 2 identity matrix. This expression corresponds to equation (18) of Ref. 25, ignoring an overall
coefficient and using γ for 2β/α. In this expression, the x, y, z components reference the sample
coordinate system where x and y are the horizontal and vertical axes in the sample plane, and z is
the axis along the sample surface normal.
As discussed in Ref. 25, since the last term above is proportional to the identity matrix, any Az
component (i.e. any out-of-surface-plane component) of the photon polarization contributes to spin-
conserving photoemission and cannot alone alter the spin polarization of photoemitted electrons.
Although the present experiment contains a finite Az component for all photon polarizations except
for s-polarized light (see Fig. S1), it is ignored in the main text in order to focus on the new
physics contained in the spin-flip terms proportional to Ay and Ax. Specifically, in the main text
the interaction Hamiltonian of the surface state electron and photon is expressed in equation (1) of
the main text as
Hint ∝ (~σ × zˆ) · ˆ , (s3)
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FIG. S4. Large photoelectron Pz induced by off-normal incidence of light. Measured photoelectron Pz curves as a
function of binding energy at (kx, ky) = (0,−kF ), (0, 0), and, (0,+kF ), corresponding to the locations shown by the color-coded
circles in the Fermi surface diagram. The light was p-polarized, with the photon polarization component in the sample surface
plane along the kx direction, as shown by the green arrow in the inset. The photon polarization also has a significant component
along the direction normal to the sample surface plane.
where ~σ is the spin Pauli matrix, zˆ is the unit surface normal vector, and ˆ is the photon polarization
vector. This expression is equivalent to Eqn. (s2) assuming Az = 0. As presented in the main text,
this assumption leads to the simple picture presented in Fig. 4 of the main text, which has good
overall agreement with the measured photoelectron spin polarizations and is consistent with the
observed photon polarization dependence.
For more insight, however, it is worthwhile to also consider the impact of the Az component. Since
to first order it contributes to spin-conserving photoemission, its impact is expected to decrease the
effect of the spin-flipping photoemission, and thus decrease the photon polarization dependence of the
photoelectron spin polarization. For example, the magnitude of the photon polarization dependence
shown in Fig. 3(a,b) of the main text is smaller than would be expected from Eqn. (s2) assuming
Az = 0, consistent with the finite Az present in the experiment reducing the photon polarization
dependence.
Perhaps more interestingly, there should also be effects due to interference of the spin-conserving
Az term and the spin-flip terms in Eqn. (s2). These effects should be easiest to observe in cases
where the spin polarization due to the individual terms is small. For instance, we consider the case
of measuring the out-of-plane spin polarization component, or Pz, at momentum positions along
the ky axis using p-polarized light. As the Fermi surface of the Bi2Se3 sample is mostly isotropic,
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without much hexagonal warping which can introduce out-of-plane spin polarization in the surface
state26, the surface state spin is primarily in-plane,10 following the helical spin texture. Figure S4
shows several Pz measurements, taken with p-polarized light and at momenta along the ky axis at
ky = −kF , 0, and + kF . In contrast to the expected surface state spin texture, surprisingly high
values of photoelectron Pz are measured, reaching nearly ±70% at ky = ±kF , respectively.
The interaction Hamiltonian in Eqn. (s2) is qualitatively consistent with these results as follows.
Assuming only spin-conserving photoemission, the photoelectron spin is expected to be directed
along the ±kx direction at k = ±ky, and thus Pz is expected to be zero. Likewise, as presented in
Ref. 25 and Fig. 4 of the main text, assuming only the spin-flip terms above, the photoelectron spin
polarization is expected to oppositely directed along the ±kx axis, and thus Pz is still expected to
be zero. However, consideration of finite contributions of both terms predicts large values of Pz with
reversed signs at ky > 0 and ky < 0. Specifically, calculations following Ref. 25 predict values of Pz
to exceed ±90% at ky = ±kF , respectively, for γ2 = 2.0 and ±75% at ky = ±kF for γ2 = 0.25. Note
these quantitative predictions do not take into account scattering effects which can reduce measured
photoelectron spin polarizations. Note also that they do not take into account the extrinsic effects
due to spin-orbit induced spin-dependent matrix elements (SMEs) discussed in Section SI II, which
are also present due to the off-normal incident light.
Additional insights can likely be gained by further investigation of the photoelectron spin polar-
ization (in three dimensions) in a large variety of momenta and photon polarization geometries.
Rigorous quantitative comparisons with calculations will require the SMEs, as well as other possible
effects, to be taken into account.
The following Sections (SI V and SI VI) discuss particular aspects of the data presented in the
main text which are likely affected by the finite Az component in the experiment.
SI V. FIT TO THE Py DEPENDENCE ON PHOTON POLARIZATION ROTATION
Following the approaches presented in the main text and Ref. 25, assuming the light is incident
normal to the sample surface and the photon polarization vector is entirely within the surface plane,
the y component of the spin polarization (Py) of photoelectrons emitted from the surface state of a
topological insulator using linearly polarized light will be
Py =
n
A2x + A
2
y
[(
A2y − A2x
)
cos θk − 2AxAy sin θk
]
. (s4)
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In the above, Ax and Ay are the components of the photon polarization vector along the x and
y axes, respectively, in the sample surface plane, θk is the angle with respect to the x axis of the
in-plane momentum vector, k, being probed, and n = ±1 for the upper and lower cones of the
Dirac dispersion, respectively. For the upper band at EF , and for θk = pi (corresponding to the
measurement in Fig. 1(f) of the main paper), and the geometry of the present experiment, this
gives,
Py =
cos2 θ cos2 α0 − sin2 α0
cos2 θ cos2 α0 + sin
2 α0
, (s5)
where α0 is defined in Fig. 1(e) and S1, and θ is the angle between the incident light propagation
vector and the sample normal. As drawn in Fig. 1(e) and S1, θ = 45◦, however the sample must be
rotated about the y-axis for the measurement to reach this point in momentum space, such that for
θk = pi, θ = 36
◦.
We found that the above equation does not fit the slight asymmetry of the data shown in of
Fig. 1(f) perfectly, likely due to the finite component of the photon polarization along the out-of-
surface-plane direction (Az), which is largest for α0 = 0, and vanishes for α0 = 90
◦. According to
Ref. 25, the Az component can contribute to the total photoemission through purely spin-conserving
emission. We can add the influence of this contribution to the total measured spin polarization by
modifying the above equation following the definition of spin polarization, Py = (I↑ − I↓)/(I↑ + I↓),
as follows,
Py =
cos2 θ cos2 α0 − sin2 α0 + γ2 sin2 θ cos2 α0
cos2 θ cos2 α0 + sin
2 α0 + γ2 sin
2 θ cos2 α0
, (s6)
where Az is given by sin θ cosα0 in this geometry, and γ
2 is a fit parameter and measure of the
relative contribution of Az to the total photoemission intensity (γ corresponds to 2β/α if we use
the variables in Ref. 25). The final expression used to fit the data includes an overall coefficient (to
account for finite resolution and other effects which can slightly reduce the measured polarizations
in such spin-ARPES experiments) and a constant offset to α0 to allow for a slight misalignment of
the photon polarization orientation. The fit shown in Fig. 1(f) is obtained with a value of about
0.72 for the overall coefficient, an offset of α0 of 3.2
◦, and a γ2 parameter of 2.0.
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SI VI. Pz MAPS OF BI2SE3 TAKEN WITH CIRCULARLY POLARIZED LIGHT
Again, following the approaches presented in the main text and Ref. 25, circularly polarized light,
at normal incidence to the surface of a topological insulator, will lead to a photoelectron spin texture
oriented completely out-of-plane for a fixed |Pz| at all k, and with the sign of Pz determined by the
handedness of the light. The experimentally measured Pz maps shown in Figs. 3(c,d) of the main
paper mostly agree with these predictions. However, streaks of reduced Pz follow the surface state
dispersion along the right hand side at positive kx. This is likely due to the off-normal incidence of
the light in the present experiment (see Fig. S1), which will modify the expected spin polarization
including reduced values of Pz.
Note that in the present geometry, negative values of kx (on the left side of Figs. 3(c,d)) are
measured with the sample turned towards the photons, and thus closer to normal incidence, while
positive values of kx (on the right side of Figs. 3(c,d)) are measured with the sample turned away
from the photons, and thus further from normal incidence with lower values of Pz expected. Altering
the experimental geometry, for instance to have the light at normal incidence, would provide direct
insight into this issue. Reduced values of Pz may also be due to the light not being fully circularly
polarized. Imperfections in the photon polarization may be introduced by slight birefringence in the
vacuum chamber’s fused silica window, induced by mechanical and thermal stress associated with
installation and bakeout.
SI VII. SPIN-DEGENERACY OF FINAL STATES
We note that the theory in Ref. 25 assumes spin-degenerate final states. Even if this assumption
is modified, it is reasonable to expect that the spin polarization of the photoelectrons could still be
different from that of the originating surface states and dependent on the photon polarization, albeit
in a manner somewhat different from that predicted by the theory in Ref. 25. The spin-degeneracy
of the final states is not a strictly necessary condition to observe novel photoelectron spin-flipping
such as observed in the current experiment. On the other hand, because ARPES circular dichroism
experiments on Bi2Se3 with similar photon energy are well described by theory based on the similar
assumption of spin-degenerate final states,27 the assumption is likely valid for the experimental
results shown in the present work.
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SI VIII. CIRCULAR DICHROISM IN BI2SE3
It was previously shown in Bi2Se3 that the total (spin-integrated) surface state photoemission
intensity in ARPES data taken with circularly polarized light is sensitive to the relative alignment of
photon helicity and surface state spin orientation.27 This was argued to provide indirect experimental
access to the spin texture of the helical Dirac surface states. Such studies, however, do not resolve
the actual spin polarization of the photoexcited electrons. Our current observations constitute an
entirely different facet of the physics involved.
SI IX. COMPARISON OF BI2SE3 AND AU(111)
The spin-resolved ARPES from Bi2Se3 and Au(111) present an interesting juxtaposition. In the
present geometries, the spin polarization of photoelectrons from the Bi2Se3 topological surface state
shows an extremely strong dependence on the photon polarization. The top row of Fig. S4 presents
a couple of examples. Panel (b) shows the measured y component of photoelectron spin polarization,
Py, corresponding to the three vertical cuts marked in panel (a). The Py curves are shown for both
p- and s-polarized light. The data corresponds to the full maps shown in Figs. 2(c) and (d) of
the main paper, but offers a different view by directly comparing a few individual curves. There
is an enormous change in Py between the two photon polarizations. In line with the discussion of
Section SI II, there are two components to the photon polarization dependence of the Py curves
visible here. The Py curve corresponding to θ = 0
◦ (kx = 0) shows moderately positive Py with
p-polarized light, and nearly zero Py for s-polarized light. This is due to the SME-induced effect
discussed above. As the SME effects are effectively k-independent, this contribution to the photon
polarization dependence should be k (θ) independent. The Py curves at θ = ±9◦ (kx = ±kF),
however, show opposing behaviors. At θ = −9◦, Py near EF measured with P -polarized light is
more positive than that measured with s-polarized light, while the opposite is true at θ = +9◦.
This k-dependent contribution to the photon polarization dependence reflects the behavior of helical
Dirac fermions as presented in the main manuscript.
Figure S4(c) shows similar data, displaying the z component, Pz, taken with right- and left-hand
circularly polarized light. This data corresponds to the full maps shown in Figs. 3(c) and (d) of the
main paper. Again, there is a very large dependence change with photon polarization, in line with
Ref. 25.
The bottom row of Fig. S4 presents the corresponding data for the Au(111) surface state. Although
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FIG. S5. Polarization dependence of photoelectron spin in Bi2Se3 and Au(111) surface states. (a) ARPES intensity
map of Bi2Se3 as a function of binding energy and momentum, along ΓM, taken with hν = 6 eV. (b) The y component of
photoelectron spin polarization, Py, as a function of binding energy at labeled emission angles, corresponding to the line cuts
marked in (a). The Py curves at each emission angle are vertically offset by 2 for clarity. Corresponding Py curves measured
with p- and s-polarized light are directly compared. (c) Same as (b), except the curves display the z component of photoelectron
spin polarization, Pz, and are measured with both helicities of circular polarized light. (d-f) Same as (a-c) but measured from
the Au(111) Shockley surface state.
this surface state has a similar helical spin-texture, also as a result of spin-orbit coupling, the data
shows a nearly constant photoelectron spin polarization at each photon polarization, in striking
contrast with Bi2Se3. This is true for Py (Figs. S4(b) and (e), and Fig. 2 of the main paper) and
Pz (Figs. S4(c) and (f)). Panel (e) also shows that there is no k-independent component induced by
SME effects (Py at θ = 0, or kx = 0, is zero for both s- and p-polarized light).
This contrasting behavior may be related to the contrasting circular dichroism in standard spin-
integrated ARPES experiments on Bi2Se3 and Au. In the case of Bi2Se3, a strong circular dichroism
in the ARPES signal (difference in photoelectron intensity when illuminated with right- and left-
hand circularly polarized light) was observed that has a texture in momentum-space which closely
matches that of the surface state’s spin texture.27,28 However, in the case of Au, a strong circular
dichroism was observed that has a texture in momentum space that does not at all match that of
the surface state’s spin texture.29
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Kim et al.29 discusses these results in terms of the relative strengths of two particular terms in
the Hamiltonian: ‘HSOC’, a term due to spin-orbit coupling, and ‘HES’, a term due to the inversion
symmetry breaking electrostatic field at the surface. It is argued that in Bi2Se3, the HSOC term
dominates, and leads to the circular dichroism behavior that mirrors the surface state spin texture.
In the Au, however, it is argued that relatively weaker spin-orbit coupling allows the HES term to
dominate, which leads to the contrasting circular dichroism that does not mirror the surface state
spin texture. This scenario may also apply to our current observations. The HSOC term is the
spin-flip term in the photoemission interaction Hamiltonian, as described in the main text, and its
dominance in Bi2Se3 is consistent with the observed photoelectron spin-flipping. The HES term, in
contrast, leads to a spin-conserving term in the photoemission interaction Hamiltonian. Thus the
weaker spin-orbit coupling and relative dominance of HES in Au could explain the observed lack of
photoelectron spin-flipping.
Similar experiments on other systems with varying and intermediate spin-orbit coupling strengths,
such as BiTl(S1− δSeδ)230 and the adsorbate-induced Rashba states on Bi2Se3,31,32 would be helpful
in investigating this picture. We note that following Ref. 29, the HES term is linearly dependent on k.
In this scenario, apparently this term remains dominant to the spin-orbit term down to momentum
values below which could be experimentally resolved (in either our spin-resolved measurement, or
the spin-integrated circular dichroism experiment29). This overall picture may be supported if a
reversal of behavior, from Bi2Se3-like to Au-like, was observed as a function of increasing k in a
system with intermediate spin-orbit coupling.
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